Farnesyl transferase (farnesyl pyrophosphate: isopentenyl pyrophosphate farnesyl transferase; geranylgeranyl pyrophosphate synthetase) was purified at least 400-fold from extracts of castor bean (Ricinus communis L.) seedlings that were elicited by exposure for 10 h to Rhizopus stolonifer spores. The purified enzyme was free of isopentenyl pyrophosphate isomerase and phosphatase activities which interfere with prenyl transferase assays. The purified enzyme showed a broad optimum for farnesyl transfer between pH 8 and 9. The molecular weight of the enzyme was estimated to be 72,000 ± 3,000 from its behavior on a calibrated G-100 Sephadex molecular sieving column. Mg2" ion at 4 millimolar gave the greatest stimulation of activity; Mn2 ion gave a small stimulation at 0.5 millimolar, but was inhibitory at higher concentrations. Farnesyl pyrophosphate (Km = 0.5 micromolar) in combination with isopentenyl pyrophosphate (K,,, = 3.5 micromolar) was the most effective substrate for the production of geranylgeranyl pyrophosphate. Geranyl pyrophosphate (K. = 24 micromolar) could replace farnesyl pyrophosphate as the allylic pyrophosphate substrate, but dimethylallyl pyrophosphate was not utilized by the enzyme. One peak of farnesyl transferase activity (geranylgeranyl pyrophosphate synthetase) and two peaks of geranyl transferase activity (farnesyl pyrophosphate synthetases) from extracts of whole elicited seedlings were resolved by DEAE A-25 Sephadex sievorptive ion exchange chromatography. These results suggest that the pathway for geranylgeranyl pyrophosphate synthesis in elicited castor bean seedlings involves the successive actions of two enzymes-a geranyl transferase which utilizes dimethylallypyrophosphate and isopentenyl pyrophosphate as substrates and a farnesyl transferase which utilizes the farnesyl pyrophosphate produced in the first step and isopentenyl pyrophosphate as substrates.
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Casbene, a macrocyclic diterpene hydrocarbon with antifungal antibiotic properties, is produced in cell-free extracts of castor bean seedlings which have been exposed to spores of Rhizopus stolonifer or other fungi (20) , to the extracellular endopolygalacturonase of R. stolonifer culture filtrates (12) , or to pectic frag- through the action of this enzyme (3) . Normal healthy castor bean seedlings appear not to produce significant amounts of casbene. For these reasons, it has been proposed that casbene may serve the castor bean plant as a phytoalexin (20) .
The enzymes catalyzing the last four steps of casbene biosynthesis-that is, isopentenyl pyrophosphate isomerase,4 geranyl transferase (farnesyl pyrophosphate synthetase), famesyl transferase (geranylgeranyl pyrophosphate synthetase), and casbene synthetase-are localized in the proplastids of elicited castor bean seedlings (5) . The activities of at least the last three of these enzymes, geranyl transferase, farnesyl transferase, and casbene synthetase, are substantially increased in extracts ofelicited whole seedlings in comparison with healthy unelicited seedlings. The activities of farnesyl transferase and casbene synthetase, in particular, are quite low in extracts of unelicited tissue (5) . This paper describes the partial purification and the properties of the farnesyl transferase obtained from extracts of whole elicited castor bean seedlings that is thought to participate in casbene biosynthesis in the proplastids of elicited tissue.
Prenyl transferases catalyze the condensation of IPPs and C-1 ofa prenyl pyrophosphate with the elimination ofpyrophosphate to generate a prenyl pyrophosphate with an additional 5-carbon prenyl unit. The enzyme farnesyl pyrophosphate synthetase, which catalyzes two successive prenyl transferase reactions with DMAPP and GPP as the allylic substrates, has been intensively investigated from fungal and animal sources (16) . Geranyl transferases have been partially purified and characterized from plant sources (1, 14, 24) , including castor bean seedlings (8) . Geranylgeranyl pyrophosphate synthetase, which catalyzes a famesyl transferase reaction with FPP as the allylic substrate, and may also catalyze transferase reactions with DMAPP and GPP as the allylic substrates in some cases, has been examined from only a few higher plant sources including pumpkin seedlings (15, 19) , tomato fruit plastids (21) , and carrot cells (13 butanediol succinate on Anakrom SD 80/90 mesh in a Varian 90-P gas chromatograph. The column was run at17O°C with the helium carrier gas at a flow rate of 20 ml/min. The first fraction collected, at a head temperature of 148°C and 10 mm Hg, was identified as mostly cis,cis-farnesol. By decreasing the pressure in the column to 5 mm Hg at the same temperature, cis,transand trans,cis-farnesol were obtained. Trans,trans-farnesol did not distill until the pressure was reduced to 2 mm Hg and the head temperature reached 165°C. The purity of the final fraction was estimated to be greater than 95%, and the yield of trans, trans-farnesol from the commercial mixture was 10 to 15%.
All solvents used in the pyrophosphorylation were dried and redistilled. FPP was then prepared and isolated as described by Cornforth and Popjak (4) .
Seed Preparation and Growth. Castor bean seeds were sterilized, germinated, and infected with R. stolonifer spore suspensions as described by Dudley et al. (5) . Infection times for the experiments reported in this paper were normally 10 to 12 h. Extraction and Purification of Farnesyl Transferase. Preparation of Crude Enzyme Extract. Whole seedlings were mixed in a Waring Blendor with extraction medium consisting of 50 mM sodium phosphate (pH 6.3), 4 mM MgCl2, and 5 mm 2-mercaptoethanol at a ratio of 150 ml: 100 seedlings. Homogenization was carried out at half-speed for 5 s and at full speed for 30 s, all at 4°C. After pressing the crude slurry through eight layers of cheesecloth, the crude homogenate was centrifuged at 27,000g for 10 min. The floating lipid layer was removed by passing the cell-free supernatant fraction through four layers of cheesecloth. This filtrate, designated the 27,000g supematant, normally contained 8 to 15 mg of protein per ml.
Polyclar AT was not included in the homogenization medium despite its use for the isolation of other enzymes from castor bean (6) . At the lower pH values employed in this extraction procedure the interactions of phenolic substances and proteins are considerably reduced, thus eliminating the necessity for Polyclar AT.
Ammonium Sulfate Fractionation. In preliminary studies, the 27,000g supematant was treated by the slow addition of crystalline (NH4)2SO4 to obtain the protein which precipitated between 0-40, 40 in this paper is based on the enzyme isolated from seedlings subjected to 10 h of exposure to the fungus, at which time only one peak of activity was evident. At this stage of purification, the farnesyl transferase was still quite impure with respect to other proteins as indicated by the lack of coincidence between the profiles of A280 and enzyme activity emerging from the column (Fig. 1 Enzyme Characterization. The pH-activity profile for farnesyl transferase showed a single optimum at pH 8.5 with one-half maximum velocity at pH 7.0 and >pH 10. After overnight dialysis against sievorptive buffer minus magensium ion, the enzyme was found to be dependent upon Mg2" ions, with optimal activity at 4 mm (Fig. 3) . Enzyme activity was only slightly stimulated by the addition of Mn2+ to the assay medium with an optimal concentration of 0.5 mM; however, the maximal stimulation with Mn2+ was less than 20% of that seen with 4 mM Mg2'. No combination of Mg2e and Mn2+ tested together stimulated the activity more than Mg2' alone.
The effect of common sulfhydryl binding reagents on farnesyl transferase activity were determined by preincubating the enzyme for 5 min with several concentrations of the inhibitor ranging from 0.05 to 9 mm prior to the addition of substrate. lodoacetamide had essentially no effect on the activity with only 26% inhibition at 9 mM. N-Ethylmaleimide was somewhat more effective, inhibiting the enzyme by 69% at 9 mm.
The estimation of mol wt for farnesyl transferase was performed on a calibrated G-100 Sephadex column (1.9 x 100 cm) equilibrated in the sievorptive buffer. The enzyme eluted with a Kav ratio corresponding to a mol wt of about 72,000 ± 3000.
Farnesyl transferases isolated from plant sources other than castor bean (13, 15, 19) show little preference for DMAPP, GPP, or FPP as the allylic donor for the condensation reaction. Substrate specificity assays with the castor bean farnesyl transferase were performed as indicated in "Materials and Methods," except that the concentration range of the prenyl pyrophosphate in the incubation mixture was varied from 1 to 15 gM. The enzyme showed a decided preference for the use of FPP as the allylic donor; GPP was a poor substrate in this concentration range and DMAPP did not serve as a substrate (Fig. 4) . This result is in marked contrast to the specificities of previously reported geranylgeranyl pyrophosphate synthetases, and suggests that the castor bean enzyme may catalyze the conversion of only FPP to GGPP at the concentrations of prenyl pyrophosphates that are Plant Physiol. Vol. 81, 1986 The relatively high Km value for GPP further emphasizes the preference of this enzyme for FPP as the allylic donor under reasonable physiological conditions. Separation ofGeranyl and Farnesyl Transferase by Sievorptive Chromatography. Previous work demonstrated that FPP is synthesized in castor bean seedling extracts from IPP and DMAPP or GPP by geranyl transferases (8) . The evidence-cited above in this paper suggests that a separate farnesyl transferase is responsible for the elongation of FPP to GGPP in castor bean seedling extracts. For this reason, it was important to determine whether separable geranyl and famesyl transferases would be recovered from this source. The F48 prepared from an extract of seedlings which had been subjected to 10 h of exposure to fungal growth was applied to a DEAE A-25 Sephadex sievorptive column. The fractions were assayed for prenyl transferase activity with either DMAPP or FPP as the allylic donor. As Figure 5 shows, geranyl transferase activity is separated from the farnesyl transferase activity by this procedure. ['4C]Farnesol and [14C]geranylgeraniol produced enzymically from the products of the geranyl transferase and famesyl transferase reactions, respectively, were identified by co-chromatography with authentic samples by reverse phase chromatography (8) . These results indicate that the purification step is sufficient to separate geranyl transferases from farnesyl transferase. It therefore seems unlikely that the properties lings. The 5 x 100 cm DEAE A-25 sievorptive column was equilibrated and developed as described in "Materials and Methods." Approximately 6-ml fractions were collected and protein was monitored by the A at 280 nm. Farnesyl transferase activity (0) emerged from the column in a conductivity range of 0.8 to 1.7 mmho, while the geranyl transferases (A) emerged in a conductivity range of 2.1 to 4.3 mmho. The assays for farnesyl transferase were performed as described in "Materials and Methods" and those for geranyl transferase as described in Green and West (8) (13) , pumpkin fruit (15) , and tomato fruit plastids (21 )-in addition to that from elicited castor bean seedlings described in this work. These enzymes presumably function to provide the GGPP required for the biosynthesis of the cyclic diterpenes, prenylated lipids, and carotenes that occur in higher plants. Preparations from two bacterial sources, Micrococcus luteus (formerly M. lysodiekticus) (10, 18) and Bacillus subtilis (22) , plus one from pig liver (13, 17) , have also been described. M. luteus produces carotenes, so the geranylgeranyl pyrophosphate synthetase may provide precursors to the tetraterpenes in this case. The function of the enzymes producing GGPP in B. subtilis and pig liver are unknown. Some properties have been determined for each of these enzyme preparations, but none of them has been thoroughly characterized.
Divalent metal ions are typically required as cofactors in prenyl transferase reactions. Mg2' appears to satisfy this requirement best for the farnesyl transferase from castor beans, although Mn2" is partially active at concentrations of about 0.5 mm. Concentrations of Mn2' are strongly inhibitory above 1 mm. This behavior is similar to that of farnesyl phyrophosphate synthetases (16) and to the farnesyl transferases from tomato fruit plastids (21), pig liver (17) , and microbial sources (10, 18) . However, the other farnesyl transferases from higher plant sources, pumpkin (15) and carrot root (13) , differ in that they show a strong preference for Mn2".
With regard to the inhibition of the prenyl transferases by common sulfhydryl alkylating agents, the castor bean farnesyl transferase falls into the same category as other prenyl transferases from plant sources. The castor bean and pumpkin geranyl transferases are rather insensitive to these reagents with reported inhibitions of 40% in 10 mm iodoacetamide and 15% in 5 mM N-ethylmaleimide for castor bean geranyl transferase (8) and 31% in 5 mm iodoacetamide for the pumpkin geranyl transferase (14) . Similar results are seen for the castor bean farnesyl transferase, with 23% inhibition in 4 mm iodoacetamide and 45% inhibition in 4 mm N-ethylmaleimide. This is in contrast to the effects of these sulfhydryl inhibitors on the prenyl transferases from mammalian systems. For example, Holloway and Popjak (9) reported 80% inhibition of pork liver geranyl transferase after it was preincubated with either 5 ,AM N-ethylmaleimide or 2 mM iodoacetamide. Hence, it would appear that mammalian prenyl transferases are more susceptible to sulfhydryl inhibitors than the plant prenyl transferases.
The most striking difference between the farnesyl transferase from elicited castor bean seedlings and those from other sources is seen in the relative preferences for prenyl pyrophosphate substrates. The castor bean enzyme can utilize FPP quite effectively at low concentrations (Km = 0.5 AM), GPP only at much higher concentrations (Km = 24 AM), and DMAPP essentially not at all. The enzymes from other plant sources seem to utilize all three allylic pyrophosphates with similar efficiencies (13, 19, 21) . Likewise, the enzyme from M. luteus studied by Kandutsch et al. (10) utilized all three allylic pyrophosphate substrates, although the Km for DMAPP was an order of magnitude higher than those for GPP and FPP. The B. subtilis enzyme also used DMAPP, GPP, and FPP with similar facility (22) . Only the enzyme from M. luteus studied by Sagami and Ogura (18) 
